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An experimental study of the metastabie and collision-induced dissociation (CID) spectra of 
[Me$S:.SMe,]+ and [EtzS:.SEtz]+ has been carried out. These ions are examples of species 
that contain two-center-three-electron (2c-3e) sulfur-sulfur bonds. The metastable and CID 
spectra provide experimental evidence of the atomic connectivity and of the 2c-3e bonds. The 
metastable cleavage of the S:.S 2c-3e bonds appears to occur with no reverse activation 
barriers and to result in small average kinetic energy releases. Fragmentation of the same 
bonds by CID results in the most intense product for both ions. Comparisons with the 
metastable and CID spectra of [MeSSMe]+, an ion with a two-center-two-electron (2c-2e) 
sulfur-sulfur bond, are made and strongly support the difference in the sulfur-sulfur 
bonding. (J Am Sot Mass Spectrom 1997,8,605-609) 0 1997 American Society for Mass 
Spectrometry 
T wo-center-three-electron (2c-3e) interactions, where two electrons occupy a u orbital and one electron occupies a u* orbital, both of which are 
localized between two atoms, were first described by 
Linus Pauling in 1931 [l]. Relative to a two-center- 
two-electron (2c-2e) bond between the same atoms, 
this picture predicts (1) a bond energy about half as 
large as a single bond, since the bond order is one-half, 
(2) a much larger bond distance between the two 
atoms participating in the bond, and (3) the unpaired 
OL spin density evenly distributed between the atoms 
for symmetric interactions (where both moieties in- 
volved in the bond are identical). Many examples of 
2c-3e bonds have been reported in solution and corrob- 
orated by both experiment and theory 12, 31. Inter- 
molecular [2, 31 and intramolecular [4, 51 examples 
have been identified. However, these interactions are 
still very unusual relative to even-electron bonds and 
are not often encountered. Gas-phase experimental 
studies of such bonding interactions are very rare and 
until recently gas-phase experimental bond energies 
were not available. 
Although the nature of the 2c-3e bonds is supported 
by computational methods, little direct experimental 
evidence for such bonding exists. Our group has an 
interest in gas-phase ion-molecule reactions that form 
reactive intermediates [4, 61 or stable product ions [3, 
7-101 containing 2c-3e sulfur-sulfur bonds. In this 
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article, we present tandem mass spectrometry 
(MS/MS) metastable and collision-induced dissocia- 
tion results on [Me,S:.SMe,]+ and [Et2S:.SEt2]+ that 
strongly support sulfur-sulfur 2c-3e bonding. 
Experimental Methods 
Experiments were carried out with a VG ZAB-IF (VG 
Analytical Ltd., Manchester, UK), which has been de- 
scribed in detail elsewhere [lo]. Three modifications 
are relevant to this work. 
1. A l-cm-long collision cell was added in the second 
field-free region just before the p slit, 
2. The electron multiplier, an ETP Scientific (Auburn, 
MA) AF130, was positioned m-line to avoid energy 
discrimination in the metastable peak shapes. [The 
original off-axis geometry with a conversion dynode 
was found to result in energy discrimiition in the 
mass-analyzed ion kinetic energy scan both at the 
University of California, Santa Barbara (with a ZAB 
2F serial no. 12) and at Auburn University (with the 
ZAB 1F serial no. 120). Placing the electron multi- 
plier in-line was found to eliminate or at least re- 
duce the discrimination.] 
3. A coaxial electron entrance/ion exit electron ioniza- 
tion-chemical ionization ion source was built and 
used [3, 41. 
The source has a large internal diameter-to-length 
ratio (3.4/l), which results in uniform electric fields 
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over the entire area covered by the ion exit slit. The 
source temperature is controlled by passing heated or 
cooled air through a stainless steel tube silver-soldered 
to the source body. In these experiments, the source 
temperature was near 150°C and the ion source pres- 
sures were near 1 torr [using the chemical ionization 
(CI) slit]. 
Metastable spectra were recorded in the second 
field-free region at a base pressure of 2 x lo-* torr by 
using multiple scanning methods. The source and col- 
lector slits were adjusted so that no detectable product 
ion peak broadening resulted from decreasing the reso 
lution. Although the practice of defining an “energy 
resolution” has been questioned 1111, for convenience 
we note that the resolution was about 4000. The prod- 
uct peaks were collected with expanded energy scales 
with the peak itself being at least 250 channels wide 
and 10,000 counts at the peak maximum. Kinetic en- 
ergy release distributions (KERD) were obtained from 
the product peak shapes by standard methods [12]. 
Collision-induced dissociation (CID) spectra also were 
recorded by using multiple scanning methods with 
40% beam reduction and helium as the collision gas. 
Samples purchased from Aldrich Chemical Co. 
(Milwaukee, WI) were outgassed and dried on a 
molecular sieve that had been baked out under vac- 
uum at 240 “C for 24 h. 
Results and Discussion 
The ion-molecule equilibrium reactions 1 and 2 lead- 
ing to [MezS:.SMezl+ and [EtzS:.SEtzl+ were studied 
experimentally and computationally by our group prior 
to acquisition of the ZAB [7,9]: 
Me,S++ Me,S + [Me+..SMezl+ (1) 
Et,S++ Et,S + [Et2S:.SEt2]+ (2) 
The experimental product adduct bond enthalpies were 
found to be 115 kJ/mol at 576 K and 116 kJ/mol at 
506 K for reactions 1 and 2, respectively [3,7,9]. These 
results agree very well with computed bond strengths 
of 126 and 119 kJ/mol. The lowest energy structures 
are shown in Structures 1 and 2. 
New MS/MS findings on these association product 
ions are presented in this article. The metastable prod- 
uct spectrum of [Me,S:.SMe,l+ m/z 124 indicates that 
Me,S+ m/z 62 is the only observed product. Figure 1 
shows the KERD derived from the MezS+ product 
peak shape. The average kinetic energy release (KER) 
was found to be 21 meV. The distribution is peaked 
near 0 meV and the intensity falls monotonically to 
zero probability. The distribution is consistent with 
direct fragmentation in a process with a small or no 
activation barrier. A large reverse activation barrier 
would result in a larger value for the average KER and 
might also result in a distribution that is not peaked 
near zero; rather, it would be peaked at higher KER 
1131. 
Figure 2 shows the CID spectrum of [ Me,S:.SMe, I’. 
Me,S+ m/z 62 is the most intense peak suggesting 
that direct fragmentation of the sulfur-sulfur bond is 
facile. The second largest peak corresponds to [Me&l+ 
m/z 109, which arises from loss of CH,. The other CID 
product ions MeS+ m/z 47, [MeS,l+ m/z 97, and 
M&l+ m/z 94 all can originate from the parent ion 
by direct bond cleavage. m/z 62 and 109 require 
breaking only one bond, m/z 47 and 94 require break- 
ing two bonds, and finally m/z 97 requires breaking 
three bonds. The product ion intensities scale with the 
number of bonds broken. No product ions that require 
extensive rearrangement prior to fragmentation were 
observed in the CID spectrum. 
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Figure 1. Kinetic energy release distribution for the metastable 
reaction [Me2S:.SMe2]+ -+ Me,S++ Me,S. 
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Figure 2. Collision-induced dissociation spectrum of Figure 4. Kinetic energy release distribution for the metastable 
[Me2S:.SMe2]+. reaction [Et2S:.SEt2]+ + Et$SEt++ Et. 
The metastable product spectrum for [Et2S:.SEt2]+ 
has two peaks corresponding to Et,S+ m/z 90 and 
[Et3S2]+ m/z 151. Figures 3 and 4 show the KERDs for 
both product ions for data collected under the same 
conditions as those for the previously discussed KERD, 
leading to Me++ (Figure 1). The distributions have 
similar features; they are peaked near zero KER and 
decrease monotonically. The average KER for both 
processes is on the same order of magnitude: 34 meV 
for Et$ and 36 meV for JEtaS,]+. The general fea- 
tures of the distribution for Et2S+ suggest that, as in 
the [Me2S:.SMe2]+ case, the S:.S cleavage reaction 
proceeds without a large reverse activation barrier. 
One of the reaction paths breaks a 116-kJ/mol S:.S 
bond, whereas the other path breaks a 255-kJ/mol S-C 
bond. The ion-molecule reaction exothermicity for for- 
mation of the adduct supplies only the bond formation 
energy, or 123 kJ/mol in the case of [Et,S:.SEt,]+. 
Prior to stabilization, the adduct obviously contains 
enough energy for simple bond cleavage of the S:.S 
bond but would not contain enough energy for direct 
bond cleavage of an S-C bond. Hence, electronic rear- 
rangement must take place as the reaction proceeds. 
The rearrangement lowers the energy requirement as 
energy required to break the bond is partially offset by 
stabilization energy resulting from the transformation 
of the 2c-3e bond to a 2c-2e bond. By analogy to 
the ring opening of [c-C,H,S:.c-SC2H4]+ and 
Kinetic Energy, eV 
Figure 3. Kinetic energy release distribution for the metastable 
reaction [Et,S:.SEt,]+ + Et2S++ Et2S. 
[c-C,H,S:.C-S&H,]+, the energy needed could be de- 
rived from the formation of a 2c-2e bond from the 
2&e bond [4, 61. 
It is interesting to compare the metastable KERDs 
for the reactions of [Me,S:.SMe2]+ and [Et,S:.SEt,]+. 
[Me,S:.SMe,]+ results in only one reaction: 
[Me,S:.SMe,] + + Me++ (21 meV) + Me,S (3) 
while [Et,S:.SEt,]+ undergoes two competing reac- 
tions: 
/T Et$+ (34 meV) + Et,S (4) 
[Et,S:.SEt,l+ 
h Et,SSEt+ (36 meV) + Et (5) 
The KERD shapes and the values for the average KER 
for these three reactions suggest statistical unimolecu- 
lar processes. The average KERs increase in the order 
in which the reactions are presented in the foregoing 
text. According to statistical models, the smallest 
molecule [Me,S:.SMe2]+ would have the fastest de- 
composition rate and the smallest KER because the 
more energetic ions react before entering the mass 
spectrometer second field-free region (6.5-15.7 ps). 
[Et,S:.SEt,]+ has 12 more internal degrees of freedom 
in which to store energy than does [Me2S:.SMe2]+, yet 
its time window is similar to that of [Me,S:.SMe,]+ 
(7.9-18.9 ps). Therefore, the rate for a comparable 
mechanism would be smaller for the ion with fewer 
modes, resulting in longer lifetimes and relatively more 
energetic ions reaching the second field-free region as 
well as a larger KER. 
Reactions 4 and 5 leading to Et2S+ and [Et3S21+ are 
in direct competition, and the average KER and the 
KERD shapes are very similar. Reaction 5 involves a 
path that results in bond cleavage, but also must 
involve electronic rearrangement, whereas reaction 4 
involves direct simple bond cleavage. We find the 
similarity in the KERDs and the average KER for these 
two processes surprising. Both distributions are peaked 
near zero kinetic energy, which may indicate processes 
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with small or no reverse activation barriers or frag- 
mentation on a potential surface that is not too steep. 1 
In [Et,S:.SEt,l+, loss of an R group yields [EtsSz]+ 
m/z 151, whereas in [MezS:.SMezl+, loss of an R 
group is not observed. This can be explained by the 
fact that the S-Et bond is expected to be weaker than 
the S-Me bond. (According to thermochemical data 
taken from Lias et al. [14], the S-Et and S-Me bound 
energies differ by 34 kJ/mol for the reactions (1) 
EtSMe++ MeS++ Et and (2) Me,S++ MeS++ Me 
with the Et-S bond being the weakest.) In addition, as 
noted previously, [EtzS:.SEtzl+ has 12 more internal 
degrees of freedom than does [Me,S:.SMe,]+. The 
“extra” degrees of freedom in [EtzS:.SEtz]+ may in- 
crease the lifetime of excited ions sufficiently for reac- 
tion to occur in the second field-free region, 
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Figure 6. Kinetic energy release distribution for the metastable 
reaction [CH,SSCH,]+ + CH,SS++ CH,. Note the expanded x 
scale relative to Figures 1, 3, and 4. 
The CID spectrum of [Et,S:.SEt,]+ is shown in 
Figure 5. The major products are the same as those 
observed in the metastable spectrum, namely, Et2S+ 
and [Et,SSEt]+. The less intense peaks can all be ex- 
plained by direct cleavage of bonds in [Et.$3:.SEt21+. 
No products requiring significant rearrangement prior 
to fragmentation were observed. 
All these new findings are entirely consistent with 
the computationally predicted bonding and structures 
for [MezS:.SMezl+ (1) and [EtzS:.SEt,l+ (2). The 
metastable and CID intensities also imply that the 
sulfur-sulfur interaction is the weakest bond in the 
molecules as would be the case for a 2c-3e interaction. 
Comparison of these 2c-3e S:.S Bonded Ions with 
fCH,SSCH,l +, an Ion with a 2c-2e S-S Bond 
The metastable and CID spectra of [CH3SSCH,]+ are 
very different from those of [MezS:.SMe,]+ and 
[Et2S:.SEt21+. The metastable spectrum has two peaks 
that correspond to [SC,H,l+ and [SCH,]+, with the 
former being much more intense. Both ions must origi- 
nate from mechanisms involving molecular rearrange- 
ment rather than simple bond cleavage. The KERD 
obtained for the formation of [SC,H,]+ is shown in 
Figure 6; the average KER for the reaction is 82 meV. 
This is the largest value of all the metastable KERDs 
reported here; however, the peak maximum is not 
shifted far from zero kinetic energy. The average value 
for the KER and the distribution shape imply a frag- 
mentation path involving molecular rearrangement 
with a loose transition state because the KER peak 
maximum is not shifted away from zero KER. The 
[SCH,]+ metastable intensity was very weak and col- 
lection of a good peak profile with adequate counts for 
determination of an accurate KERD was not possible; 
however, the average KER is about 50 meV. In con- 
trast, the largest metastable peaks for [Me,S.*.SMe,]+ 
and [Et,S:.SEt,]+ involved simple bond cleavage of 
the S:.S bonds, a process that does not involve molecu- 
lar rearrangement. 
The [CH,SSCH,l+ CID spectrum shown in Fig- 
ure 7 is also strikingly different from those of 
[Me,S:.SMe,]+ and [Et,S:.SEtz]+. As described previ- 
ously, and shown in Figures 2 and 5, the largest peaks 
in the CID spectra of the S:.S-containing ions corre- 
spond to direct fragmentation of the S:.S bond with 
loss of an R group leading to a less intense peak. With 
[CH,SSCH31+, however, direct loss of a CH, group 
yields the most intense peak. The second most intense 
peak corresponds to [SCzHs]+, which was the most 
intense ion in the metastable spectrum and requires a 
reaction pathway involving molecular rearrangement. 
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Figure 5. Collision-induced dissociation spectrum of 
[Et2S:.SEt2]+. 
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Figure 7. Collision-induced dissociation spectrum of 
[CH~SSCH~]+. 
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It is interesting to note that an intensity at m/z 64 
corresponding to Sz could not be detected in the CID 
spectra of [Me,S:.SMe$ and [Et2S:.SEtJ+, yet in the 
CID spectrum of [CHsSSCH31+, which has a 2c-2e 
sulfur-sulfur bond, m/z 64 is a relatively intense 
peak. Finally, the intensity of CH,S+, which results 
from direct fragmentation of the S-S bond in the CID 
spectrum of [CHsSSCHJ+, is negligible, whereas di- 
rect fragmentation of the S:.S bond in the 
[Me,S:.SMe,]+ and [Et,S.-.SEt,]+ always resulted in 
the most intense product ions. These striking differ- 
ences in the me&table and CID spectra between 
[Me2S:.SMe21f, [Et,S:.SEt,l+, and [CHsS-SCHsl+ 
strongly support the different sulfur-sulfur bond 
strengths and confirm the nature of the 2&e bonds in 
[Me2S:.SMe2]+ and [Et,S:.SEt,]+. 
Conclusions 
Experimental evidence for the S:.S 2&e bond in 
[Me,S:.SMe2]+ and [Et,S:.SEt,]+ has been provided 
by the metastable and CID spectra of the ions. 
Metastable reactions of the parent ions cleave the S:.S 
2c-3e bond by processes that require no reverse activa- 
tion barriers. The same reaction, cleavage of the S:.S 
2c-3e bond, results in the most intense product peaks 
in both the metastable spectra and the CID spectra for 
both ions. [Et2S:.SEt2]+ has a competing metastable 
fragmentation forming [Et,SSEtl+. This reaction re- 
quires electronic rearrangement and a tradeoff be- 
tween the energy required to break a S-C bond and 
the energy evolved on forming a stronger 2c-2e 
sulfur-sulfur bond from the 2c-3e bond in the parent 
ion. Comparison of the metastable and CID spectra of 
the 2c-3e bonded [Me,S:.SMe,]+ and [Et,S:.SEt,]+ 
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ions with the 2c-2e bonded [CH,SSCH,l+ confirms the 
large differences in the sulfur-sulfur interaction. 
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